Boundary layer theory is used to derive scaling relationships for plate stresses in a mantle convection system with a low-viscosity asthenosphere. The theory assumes a plate tectonic like mode of mantle convection with flow driven by an active upper boundary layer. The theory predicts that the confinement of horizontal mantle flow within a low-viscosity, sublithospheric channel can lead to an increase in plate stress compared to the case lacking a channel (even if the absolute viscosity of the sublithosphere mantle does not change between the two cases). The theory further predicts increasing shear stress with decreasing low-viscosity channel thickness. If the thickness of tectonic plates is determined dominantly by a dehydrated chemical lithosphere, then the plate normal stress is predicted to also increase with decreasing channel thickness. We use 3-D spherical shell simulations of mantle convection with temperature-, depth-and stress dependent rheology to test scaling trends. The simulations and theoretical scalings demonstrate that a low-viscosity layer (asthenosphere) can amplify convective stresses. If the level of convective stress plays a role in maintaining and/or reactivating plate boundaries, this suggests that a relatively thin low viscosity layer may help to maintain plate tectonics. The numerical simulations support this suggestion as they show that an increase in the thickness of a low viscosity channel can cause the system to transition from an active-lid mode of convection to a stagnant lid state. Collectively, the simulations and theoretical scalings lead to the conclusion that the role of the asthenosphere in maintaining plate tectonics does not come principally from a basal lubrication effect, associated with a low absolute asthenosphere viscosity, but, instead, from a mantle flow channelization effect, associated with a high viscosity contrast from the asthenosphere to the mantle below.
I N T RO D U C T I O N
The motion of lithospheric plates at Earth's surface is a result of thermal convection in its rocky mantle (Turcotte & Oxburgh 1967) . Plate tectonics on Earth represents a convective regime in which internal convective motions extend to the surface, allowing the strong upper rock layer, the lithosphere, to be mobile. Since the discovery of plate tectonics it has been suspected that a low-viscosity layer (i.e. the asthenosphere) beneath the plates may play a role in facilitating their motions.
Compelling evidence for a low-viscosity region in the Earth's upper mantle is provided by combining seismological (Gutenberg 1959) , geoid (Hager & Richards 1989; Thoraval & Richards 1997) and postglacial rebound (Paulson & Richards 2009 ) studies. Geodynamic simulations have shown that such a layer leads to long wavelength convective flow within the Earth's mantle (Bunge et al. 1996 (Bunge et al. ,1997 Tackley 1996; Richards et al. 2001; Zhong & Zuber 2001; Roberts & Zhong 2006; Zhong et al. 2007; Höink & Lenardic 2010) . This is of particular interest as seismological observations show that the Earth's mantle is dominated by long-wavelength structure (Su & Dziewonski 1992) .
In terms of the role of the asthenosphere in facilitating plate tectonics, the long standing idea has been that the low viscosity of the asthenosphere acts to lubricate plates from below which helps to maintain plate motions. Numerical simulations have highlighted that this can not provide the full connection between the asthenosphere and the maintenance of plate tectonics (Richards et al. 2001) . The simulations of Richards et al. (2001) fixed the reference viscosity of the upper mantle below plates and then increased the reference viscosity of the lower mantle. The simulations showed that as the lower mantle viscosity increased, a plate-like mode of mantle convection could be maintained over a wide range of lithospheric yield stress values. For a lower mantle viscosity equal to the upper mantle, plate-like surface motions could not be maintained and the system could transition into a stagnant lid mode (a single plate state). Those authors noted that 'It is important to recognize that it is not merely a weak zone beneath the plates that induces stable, plate-like behaviour over a broad parameter range. In fact, models with strong but breakable plates over a weaker mantle fail in this regard . . . Rather, plate-like behaviour is promoted by a channel of low viscosity, or weakness, beneath a breakable lithosphere'. The physical understanding of how a low viscosity channel can help to maintain plate-like behaviour provides a motivation for this paper.
Two of us have previously been involved in the development of a boundary theory designed to address the question of how a low-viscosity channel could allow for the long-wavelength convective structures observed in numerical simulations ; Lenardic et al. 2006) . The key idea was that a relatively lowviscosity asthenosphere would allow lateral mantle flow to channelize within it and this would have a first-order effect on the dynamics of mantle convection. For the issue of long wavelength flow, the theory predicted that channelized flow within a low-viscosity layer could lower the lateral dissipation associated with long wavelength convective rolls. This would allow for the formation of longer aspect ratio convective cells as the viscosity contrast between the channel and the lower mantle increased. Classical boundary layer theory had shown some time ago that, without a low viscosity channel, longer wavelength cells would be associated with a larger level of lateral dissipation which would tend to favour such cells breaking up into smaller flow structures (Turcotte & Oxburgh 1967; Turcotte & Schubert 1982) . Although it was not developed in the original papers, the theory implicitly contained predictions regarding convective stress levels within the channel and within the plate earlier.
In this paper, we develop stress scalings for mantle convection with a low-viscosity channel. We will assume plate-like convection and will allow for two assumptions regarding plate thickness. One is the classic idea that plate thickness is determined by conductive cooling, that is, plate thickness scales in the same manner as the upper thermal boundary layer thickness. The second, more recent, idea is that plate thickness is principally determined by dehydration during melting at mid-ocean ridges (Hirth & Kohlstedt 1996) . We will then compare scaling predictions to the results of Richards et al. (2001) to determine if stress amplification due to channelized flow in the asthenosphere can provide the main physical reason as to why numerical simulations with a low-viscosity channel allowed for plate-like flow over a relatively wide range of lithospheric yield stress values. To further test the idea, we will also consider a scaling prediction that was not explored in Richards et al. (2001) . Specifically, the prediction that the thickness of the low viscosity channel can affect stress levels. We will test the scaling prediction that a thicker low-viscosity channel could lead to lower convective stress levels using 3-D spherical shell simulations of mantle convection allowing for temperature-, depth-and yield stress-dependent rheology. To further focus on the direct effect of channel thickness on convective stress, we will also isolate simulation cases that maintained the maximum possible wavelength in a spherical shell. This will allow us to separate the effect of channel thickness on stress levels from the effect of changes in convective wavelength (which is also predicted to affect stress levels).
Providing physical insight into why numerical simulations of mantle convection do what they do is of value but, for application to the Earth, the manner in which the simulations of Richards et al. (2001) , and those of this paper, treat plate margins should be kept in mind. The simulations assign a yield stress value to the lithosphere (this can be thought of as a characteristic fault strength). The second stress invariant is tracked in the simulations and when its local value exceeds the yield stress, the lithosphere is assumed to undergo plastic failure. The local viscosity is reduced until the local stress equals the yield stress value. This lowers the local strain rate and allows for the presence of concentrated weak zones that serve as model analogues for plate margin zones. If the local stress invariant does not exceed the yield stress value, the viscosity is then determined from a temperature-dependent flow law that maintains exponentially higher viscosity at colder mantle temperatures. If the stress invariant remains below the yield stress globally, then plastic failure can not occur anywhere within the system. For those cases, the associated lack of weak plate margins sends the system into a stagnant lid state with a coherent, and immobile, high viscosity plate above a convecting mantle layer.
What is critical to keep in mind, for the application aspects of our results, is that simulations of the type described above fall under the category of instantaneous response models-they have no history effects incorporated into them and the weak zones that mimic plate boundaries vanish as soon as local stress levels drop below a critical value. Regions of localized weakness on the Earth, on the other hand, can persist after deformation ceases and can be reactivated later (Toth & Gurnis 1998; Gurnis et al. 2000) . Healing time has been incorporated into models of coupled plate tectonics and mantle convection using a damage formulation that allows weak zones to persist for a finite time after local deformation ceases (Bercovici 2003; Landuyt et al. 2008) . History effects have also been incorporated into yield-stress formulations by tracking accumulated strain in failed regions and lowering the local yield stress value with the accumulated strain (Lenardic et al. 2003) . The lack of such historical effects in the simulations we will discuss means that quantitative values will needed to be viewed with care. Provided that the reactivation of plate boundary zones depends on a critical level of stress, then our qualitative results will hold as the most general argument we will present is that a low-viscosity channel can elevate stress levels. We will not be able to say that the asthenosphere is critical for maintaining plate tectonics as that would depend on knowing the quantitative level of stress needed to reactivate and/or maintain plate boundaries. That value is not known at present, other than knowing that it is likely not the same value as would be determined from rheological tests on un-fractured rock [the value is also likely to vary from fault zone to fault zone due to healing time effects (Bercovici 2003; Landuyt et al. 2008) ]. That said, we will still be able to argue that the presence of a relatively thin low-viscosity channel (the asthenosphere) favours the maintenance of plate tectonics by amplifying stress levels and we will be able to test the plausibility of that argument using numerical simulations.
T H E O R E T I C A L S C A L I N G S
Using a boundary layer analysis, Lenardic et al. (2006) explored how a low viscosity layer in the upper mantle might affect mantle convection. A primary focus of that paper was to determine scaling relationships between mantle heat loss and the aspect ratio of mantle convection cells. However, the analysis also had within it predictions related to the scaling of mantle stress. Here, we will briefly review the main assumptions and key scaling results of the analysis [for full details the reader is referred to Lenardic et al. (2006) ; see also Busse et al. (2006) ]. We will also extract stress scalings from the analysis that were not fully presented in the original work.
The main assumption that distinguishes the analysis of Lenardic et al. (2006) and Busse et al. (2006) from the more classic work that applied boundary theory to mantle convection (Turcotte & Oxburgh 1967; Turcotte & Schubert 1982) is the assumption that a laterally continuous low-viscosity region in the upper mantle will allow horizontal flow to channelize within the low-viscosity zone of thickness, d (Fig. 1 ). This causes a change in the horizontal shear stress scale. Classic boundary layer theory (Turcotte & Oxburgh 1967; Turcotte & Schubert 1982) assumes that the pertinent shear length scale is 1/2 of the depth of the convecting layer. For whole mantle convection, which we also assume, this will be 1/2 the mantle depth, D (Fig. 1) . As with classic boundary theory (Turcotte & Oxburgh 1967; Turcotte & Schubert 1982) , the analysis of assumes that convection in the mantle is driven by the upper boundary layer (Fig. 1) . That is, it assumes an active lid mode of mantle convection. Plate tectonics is an example of an active lid state. By assuming an active lid state from the start, the scalings can only address the issue of whether changes in system parameter values would favour the maintenance or the breakdown of this mode of convection. More specifically, the scalings can address the issue of how a low-viscosity channel could help to maintain plate tectonics. They can not directly address the issue of how plate tectonics could be initiated from a single plate mode of convection (i.e. from a stagnant lid state). In a stagnant lid mode of convection the assumed flow configurations of Fig. 1 would not hold. Instead, convective motion would be limited to beneath a stagnant-lid, that is, an immobile lithosphere. Stagnant-lid convection exhibits different dynamics, different heat transport characteristics and different scaling relations than mobile-lid convection (Solomatov & Moresi 1997) . The issue of plate generation from a stagnant lid state is an interesting problem in its own right and there are solid reasons to expect that the stress levels needed to maintain plate tectonics are not the same as those needed to initiate it (Toth & Gurnis 1998; Gurnis et al. 2000; Bercovici 2003; Landuyt et al. 2008; Crowley & O'Connell 2012; Weller & Lenardic 2012) . At this stage, we will focus on the issue of how a low-viscosity channel can help to maintain plate tectonics.
The flow channelization shown schematically in the bottom cartoon of Fig. 1 affects the scaling of shear stress at the base of a plate.
Classic boundary layer theory (Turcotte & Oxburgh 1967; Turcotte & Schubert 1982) predicts that the horizontal shear stress τ H should scale as
where μ m is the mantle viscosity, u 0 is the mean horizontal velocity of the plate (surface velocity) and D is the depth of the convecting mantle. If horizontal flow is confined to a low-viscosity region of thickness d and viscosity μ A below the plate, then the horizontal shear should scale as
The scaling for the normal stress within the plate, τ N , can be derived by integrating the force balance on the plate which leads to
where λ 2D
is the characteristic aspect ratio of mantle convection cells and d p is the plate thickness.
The assumption of channelized flow requires that μ A μ m , where μ m is the viscosity of the bulk mantle below the low-viscosity channel. The base of the channel must be below the mechanically strong plate (Fig. 1) . The theory provides no restriction on the channel thickness d (aside from the assumption that the continuum limit is valid). This is not unusual for a boundary layer theory. Classic boundary theory provides no theoretical restriction on the thickness of the upper thermal boundary layer or, equivalently, no maximum restriction on the Rayleigh number range for which the theory remains valid. We should be clear that 'no restriction in theory' does not mean that we a priori assume the theoretical scaling trends are valid over the full range of parameter values. That must be tested using methods that do not make the simplifying assumptions of the boundary layer theory itself (laboratory experiments and/or full numerical simulations). We will use full 3-D numerical simulations to test the general trends predicted by the scaling theory but we will note at this early stage that given current computational constraints the limit of very thin channels ( 0.1D) can not be tested at this time.
The analysis of Lenardic et al. (2006) predicted that the surface velocity should scale as
and that the non-dimensional surface heat flux (the Nusselt number, Nu) should scale as
where Ra is the mantle Rayleigh number defined using the viscosity of the bulk mantle below the low-viscosity channel, μ m . The scaling for the thermal boundary layer thickness, δ, follows from the inverse relation between δ and Nu. That is,
Inserting (4) into (2) leads to a scaling expression for horizontal shear stress given by
The scaling for the normal stress allows for two different assumptions regarding plate thickness (d p ). The classic idea is that plate thickness is determined by conductive cooling. In this case the thermal boundary layer can be equated to d p . Inserting (7) and (6) into (3) then leads to
There is, however, a newer assumption regarding plate thickness that initiated from rheological experiments Hirth & Kohlstedt (1996) and has gained added traction from dynamic and thermal history considerations (Korenaga 2008) . This alternate idea considers plate thickness to be determined mainly by dehydration during melting at mid-ocean ridges, rather than by conductive cooling. In that case the plate thickness will not scale with the thermal boundary layer thickness. Although the plate thickness will depend on the potential temperature, the mantle solidus and the mantle Rayleigh number, what is crucial for our analysis is that it will not depend strongly on the channel thickness, which is different from the previously discussed plate thickness based on the thermal boundary layer. If we assume that for fixed Ra the layer will have a constant thickness of d p , then alternate scaling for the normal stress is
The stress scalings predict several trade-offs between key system parameters in determining the normal and shear stress acting on a plate. We can use the shear stress scaling to highlight trade-offs and limiting behaviour. Fig. 2 plots some of the trade-offs in terms of viscosity ratio, characteristic wavelength of mantle convection (represented by the average cell aspect ratio) and the thickness of a low-viscosity channel. The inverse relation τ H ∼ d −1/3 is predicted for long wavelengths and all channel thicknesses and viscosities plotted. For short wavelengths this prediction holds depending on trade-offs between channel thickness, viscosity contrast and convective wavelength. To quantify the trade-offs, we can consider two limits of eq. (7).
For the other limit,
The transition between the two limits is given by (d/D) 3 ∼ μ A /μ m (λ/2D) 4 and is confined to a relatively small, although not insignificant, range in parameter space (Fig. 2) .
The end-member scaling limits for the plate normal stress can also be considered. If plate thickness equates to the upper thermal boundary layer thickness, then the limits are given by
and
If, on the other hand, plate thickness is set by the thickness of the dehydrated chemical lithosphere, then the limits are given by
As noted in the introduction, one of the motivations of this work was to provide physical insight into the numerical simulation results of Richards et al. (2001) . That study found that a low-viscosity, asthenosphere channel could allow for plate like mantle convection over a wider range of lithospheric yield stress values compared to the case without a channel. Further, as the viscosity contrast from the channel to the bulk mantle increased, the range over which plate like behaviour could be maintained also increased. Richards et al. (2001) increased the viscosity contrast, associated with a relatively low viscosity channel, by increasing the mantle viscosity below the channel. As they did so, they also adjusted the reference viscosity to maintain an overall absolute mantle viscosity consistent with postglacial rebound values. In effect, they minimized any changes in the Rayleigh number so that the effect of changes in viscosity contrast could be isolated. The focus on viscosity contrast was also aided by the fact that the modelling domain for the 2-D cases of Richards et al. (2001) was spatially limited and, as a result, the wavelength of convection did not vary greatly between the simulations. Under these restrictions, our scaling analysis shows that both the shear and the normal stress acting on the lithosphere can increase with an increase in the viscosity contrast between the asthenosphere and bulk mantle. The increase comes from two effects. There is the viscosity contrast itself, which appears in the scaling results as the ratio μ A /μ m . There is also the change in the vertical length scale associated with shear stress (Fig. 1) . For the no viscosity contrast case, that scale is comparable to the mantle depth (d/D ∼ 1 in our scalings and μ A /μ m ∼ 1). As the viscosity contrast increases, the assumption of flow channelization becomes more valid and the shear scale tends toward the thickness of the asthenosphere. Which of these effects dominates depends on the limits discussed,
4 , but one of the two is predicted to always be at work. The increase in plate shear and plate normal stress increases the stress invariant which is used to determine if lithospheric yielding occurs. If the invariant reaches the prescribed lithospheric yield stress, then the lithosphere fails and localized deformation zones, analogues to weak plate margins, can be maintained. The increase in lithosphere stress, associated with channelized flow in an asthenosphere, predicted by our scaling results can, thus, explain the main trend mapped out in the numerical study of Richards et al. (2001) . It is worth stressing that the channelization effect can explain the results by Richards et al. (2001) , whereas the intuitive idea of lubrication, that is, that plates ride effortless on a low-viscosity medium, cannot (as was noted by those authors themselves).
If the scaling results are to first-order valid, then there are added predictions related to changes in channel thickness, a parameter that Richards et al. (2001) did not vary in a systematic manner (although those authors noted that a thinner channel allowed for plate like behaviour, the effects of channel thickness were not quantified). The scalings predict that, all other factors remaining equal, thinner low-viscosity channels should lead to larger shear stress in either of the two end-member limits discussed. Depending on assumptions regarding what sets plate thickness, a thinner channel could also amplify plate normal stress in both end-member limits (if plate thickness is the same as thermal boundary layer thickness, then plate normal stress is predicted to increase with decreasing asthenosphere thickness only in the limit of (d/D) 3 μ A /μ m (λ/2D) 4 ). An associated prediction that follows is that thinner low-viscosity channels could maintain a plate like mode of convection over a broader range of yield stress values. Another way of phrasing this is that an increase in channel thickness could, depending on the yield stress value, cause the system to transition from an active-lid, plate like mode of convection to a stagnant lid mode. The added channel thickness implications are what we will set out to test with numerical simulations of mantle convection in a 3-D spherical shell.
Within the numerical simulations we will perform, the viscosity contrast and the channel thickness are control parameters that can be varied. The wavelength of mantle flow in a spherical shell, on the other hand, is not an input parameter but an observed quantity. In terms of comparing channel cases to no channel cases, one of the first results from numerical simulations was that a low-viscosity layer in the upper mantle leads to long wavelength convective flow (Bunge et al. 1996) . Irrespective of mantle viscosity structure, the force balance on a plate predicts that the normal stress can increase with increasing flow wavelength (eq. 3). However, in the absence of a low-viscosity channel, conventional mantle convection models have difficulties in achieving long wavelength flow. The inclusions of a low-viscosity channel underneath the plate does allow for very large aspect ratio convection cells. This allows the presence of a channel to favour the maintenance of plate boundaries by increasing convective wavelength which can, in turn, increase the stress invariant. For cases with a channel present, changes in channel parameters have the potential to cause further changes in convective wavelength.
The scaling relations can map out the trade-offs between wavelength, channel to mantle viscosity contrast and channel thickness. The scaling trends in Fig. 2 , for example, can be used to infer how changes in wavelength, driven by changes in channel thickness and/or viscosity contrast, may affect convective stress. Even at a glance, it is clear that several potentials exist. For numerical testing of scaling predictions, the complexities associated with wavelength changes can be bridled to a degree. A further conclusion from numerical simulations is that a low-viscosity channel can drive very long wavelength, degree-1 flow (e.g. Zhong & Zuber 2001) . That is to say, the presence of the channel can lead to the longest possible wavelength in a spherical shell mantle. As we will see, a significant number of the simulations we will run maintain this geometrically maximum wavelength even as the thickness of the channel is varied. By focusing on this subset of simulations we can consider spherical shell models that maintain equivalent wavelengths, which will help us to isolate the effect of channel thickness in testing the scaling predictions.
From the theory viewpoint, we can also provide some focus by considering a scaling estimate for the longest wavelengths that would be allowable for different combinations of channel thickness and viscosity contrast Lenardic et al. 2006) . To estimate the wavelength beyond which long wavelength cells would tend to breakdown, boundary layer analysis was used to determine the wavelength that maximized convective heat loss. Beyond this wavelength, lateral dissipation would increase, surface velocity would decrease, upper boundary layer instabilities would then form, leading to the breakup of cells significantly greater than the maximizing wavelength. The scaling relationship for the maximum aspect ratio of convective cells, that followed from the higher-order version of the boundary layer theory , was given by
This relationship was tested against suites of numerical simulations that solved for the cell aspect ratio that maximized heat loss for various parameter combinations . The comparisons were favourable. A follow up study used numerical simulations to show that wavelengths near the maximizing wavelength where also the most stable to finite amplitude perturbations Ahmed & Lenardic (2010) . This suggested that a finite band of wavelengths centred around the maximizing wavelength would be the most stable and, by association, the most likely to be realized (i.e. the study provided a non-variational based link to relate the optimal heat transfer wavelength to the wavelength range that is most likely to be realized in nature). Even with this added guidance, the stress scalings of this paper still show that more than a single trend is possible given different end-member scaling regions. This again highlights the need for numerical simulations to compliment the scaling results and, for testing scaling trends, the desire to find subsets from the simulations that maintain equivalent wavelengths.
N U M E R I C A L S I M U L AT I O N S
In this section, we test the prediction of convective stress increase, due to a thin low-viscosity asthenosphere, using numerical simulations that allow for a plate tectonic like mode of mantle convection in a 3-D spherical geometry. We examine the influence of a sublithospheric low-viscosity layer by superimposing temperaturedependent viscoplastic rheology with a radial viscosity stratification, simulating a strong upper boundary layer above a weaker asthenosphere (e.g. Hirth & Kohlstedt 1996; Kohlstedt et al. 1996) . Thermal convection in planetary mantles can be described by the Boussinesq equations, which we solve using CitcomS Tan et al. 2006) . In analogy to Earth's mantle, we allow for heating from within and from below. We simulate planetary tectonics by employing a temperatureand depth-dependent viscosity with plastic yielding, following a recently used formulation (van Heck & Tackley 2008; Foley & Becker 2009) 
where μ(T) is the temperature-and depth-dependent viscosity, and μ yield is the viscosity where yielding occurs. The temperature-and depth-dependent viscosity is
where T is the non-dimensional temperature in the range [0, 1] and E is the activation energy, which we vary such that we obtain a desired temperature-based viscosity contrast μ T of four and five orders of magnitude. A depth-dependence of variable μ 0 allows the simulation of a low-viscosity layer. It also allows us to model a near surface chemical layer that is intrinsically stronger than the remaining mantle due to dehydration Hirth & Kohlstedt (1996) ; Korenaga (2008) . We use μ L = 10 and d L = 0.1 in this study. This represents a relatively high viscosity chemical layer, associated with melt extraction and dehydration (Hirth & Kohlstedt 1996) . The yield viscosity is defined as
where σ yield is the non-dimensional yield stress and˙ is the second invariant of the strain rate tensor. Information on resolution tests are provided in the Appendix. Tables 1 and 2 list the numerical simulations that were performed for this work. The Rayleigh number noted as a constant parameter in the tables is the value defined using the surface viscosity. The bulk internal Rayleigh number will be greater due to the temperaturedependence of viscosity. The thickness of the low-viscosity channel is denoted with d, the depth of the mantle with D and the ratio of the channel viscosity to the lower mantle viscosity is given by μ A . Yield stress at the surface is σ Y and can be dimensionalized with μ top κ/D 2 , where μ top is the viscosity at the surface and κ is the thermal diffusivity. The number of vertical finite-element nodes is nz, resulting in a vertical resolution of 2π D/nz. R i and R o are inner and outer radii, and D = R o − R i . The horizontal resolution varies with depth from 2π R i 2 /12/nz 2 to 2π R o 2 /12/nz 2 . Ra is the Rayleigh number (an input parameter defined with mantle depth and the viscosity at the top of the mantle at minimum temperature), Q is the heat production rate (non-dimensionalized with specific heat capacity and cross-mantle temperature difference) and μ T is the range of viscosity contrast due to temperature.
All numerical simulations in this paper simulate the plate by allowing for an intrinsically high-viscosity region of fixed thickness. As mentioned before, this affects only the pre-factor in the rheological law, and all viscosities remain subject to additional variations due to temperature dependence. With a forward look towards our comparison of numerical experiments with the predictive theory, we expect that this will favour the assumption that plate thickness does not equate to the thermal boundary layer thickness but is, instead, principally determined by the thickness of a dehydrated chemical layer.
Both tables show that the thickness and viscosity of the asthenosphere can influence global tectonics. In particular, they show that increasing the thickness of the low-viscosity layer can lead from mobile-lid tectonics to stagnant-lid tectonics. We distinguished between mobile-lid, stagnant-lid and episodic behaviour based on output diagnostics. A measure of the relative surface velocity is Mobility, which is defined as the RMS velocity at the surface divided by the average RMS velocity. The stagnant-lid regime is a mode of convection with negligible surface velocities, and we use a Mobility threshold of 0.1 (averaged over a significant number of time steps). Mobile-lid cases show a continuous Mobility of, or above, 1 with mild to moderate fluctuations (typically less than 1.5 times the mean), while episodic cases show strong variations in time, similar to those shown by the surface heat flux (non-dimensionalized as Nusselt number) versus time. Fig. 3 shows simulation results for different low-viscosity layer thicknesses and viscosities. As expected from previous work (e.g. Zhong & Zuber 2001), a low-viscosity region leads to longwavelength flow with flow channelization in the low-viscosity region (e.g. Lenardic et al. 2006; Höink & Lenardic 2008 . Fig. 3(a) shows an example of degree-1 convection, the largest length scale convection possible in a spherical shell. In this type of flow, all upwelling and all divergent plate boundaries occur in one hemisphere and all downwellings and convergent plate boundaries occur in the opposite hemisphere. Fig. 4 shows that surface velocities increase with increasing viscosity contrasts between the asthenosphere and bulk mantle. Velocity gradients at the base of the lithosphere resulting from strongly channelized flow in an asthenosphere are significantly larger than those in the absence of an asthenosphere. The velocity plots of Fig. 4 show that the thickness of the plate (the region with on average low internal deformation, that is, a low vertical velocity gradient) is dominantly set by the prescribed thickness of the enhanced high viscosity, near surface region. The plate thickness depends to a far lesser degree on thermal structure (Figs 4a and d) . As anticipated, the simulations fall closer to the assumption that plate thickness is dominated by the thickness of a high viscosity, dehydrated chemical layer (Hirth & Kohlstedt 1996; Korenaga 2008) . For application issues, in the discussion section, we will consider the alternative assumption that plate thickness is equal to upper thermal boundary layer thickness.
For a low-viscosity upper mantle, that is, a thicker low-viscosity layer, the system transitions into an episodic regime (Fig. 5) , in which extended periods of stagnant lid convection (Figs 3b and 4e-f ) are interrupted by brief surface mobilization events (Figs 3c and 4e-f). For even thicker low-viscosity layers we observe stagnant lid convection, in which the surface is permanently immobile (Fig. 4f ).
An overview of the performed simulations is given in Fig. 6 (a), which shows convective modes spanned by yield stress and channel thickness d for two series of simulations with different temperaturedependencies on viscosity. For each series we find mobile-lid convection can be maintained for relatively thin low-viscosity layers. The general trend is that mobile-lid convection breaks down when the thickness of the low-viscosity layer is increased, which is consistent with theoretical predictions.
For channelized flow in a thin low-viscosity layer eq. (7) predicts an inverse relation of shear stress and the channel thickness. Fig. 6(b) plots the shear stress at the top the low-viscosity layer computed from the simulations as a function of decreasing channel thickness. The values are all normalized by the otherwise equivalent simulation without low-viscosity channel. All values are larger than 1, which shows that the inclusion of a low-viscosity channel increases convective shear stresses. Further, Fig. 6(b) shows that the stress increases with decreasing channel thickness, which confirms the predicted inverse scaling relation qualitatively. The simulations used for Fig. 6(b) were only those that remained in a mobile lid state and also maintained degree 1 flow. That is, the convective wavelength is constant for all those cases so as to allow for testing of scaling trends based only on changes in channel thickness and viscosity contrast. The control parameters used, together with the long wavelength nature of the flow, predicts that the simulations should be in the −1/3 power-law scaling end-member. The numeric results do fall near the predicted slope given by the mobile-lid scalings in the −1/3 power-law limit.
D I S C U S S I O N
Theoretical scaling relations and numerical simulations support the idea that lithospheric stress levels are influenced by the thickness of a sublithospheric low-viscosity layer. Viscosity variations due to upper to lower mantle composition and/or phase differences would generate a relatively thick asthenosphere. On the other hand, if the asthenosphere is associated with a hydrated region in the upper mantle (Hirth & Kohlstedt 1996) , and/or with a grain size reduction-induced viscosity decrease in the melting region between 80 and 150 km Hirth & Kohlstedt (1995) , and/or with melting due to a depressed solidus in the presence of water, then it is expected that the region could be relatively thin. As an estimate of the effect we can consider the difference between a low viscosity upper mantle of 600 km versus an estimate for asthenosphere thickness of 100 km. Readers are encouraged to use values of their choosing to quantify this effect-we here merely provide numbers as an example. The −1/3 power-law scaling end-member for shear stress would then predict that a thin asthenosphere can amplify shear stress by a factor of 1.8 compared to the case in which the low viscosity region spans the entire upper mantle, assuming that this change does not affect the convective wavelength, channel and bulk viscosities (through temperature-dependent rheology feedbacks) or the effective Rayleigh number. If the thickness of a plate is dominantly determined by a dehydrated near surface layer (Hirth & Kohlstedt 1996) , then the lithospheric normal stress is associated with an equivalent increase. On the other hand, if plate thickness scales the same as upper thermal boundary layer thickness, then the normal stress would not change, assuming the −1/3 power law end-member holds (we focus on this end-member for estimates as it is the most conservative and it is the one that our simulations could best confirm). In this case, the stress invariant would have a far weaker dependence on channel thickness. The presence of a low-viscosity channel, versus its absence altogether, would still have a significant effect on the stress invariant due the viscosity contrast, the associated flow channelization changing the shear length scale, and the ability of the channel to allow for long wavelength flow. Comparison of different states of a case that exhibits episodic behaviour for a low-viscosity upper mantle. The velocity profiles indicate the base of the mobilized plate to be near r = 0.95, which is the location of the imposed viscosity jump, and not near the maximum temperature. This suggests that our simulations are indeed in the limit in which the plate thickness is determined dehydration reactions, and not by the thermal boundary layer.
Convective stress can play a role in maintaining plate tectonics as the maintenance and/or reactivation of plate boundaries depends on the level of lithospheric stress. The importance of a low viscosity channel for this role will depend on the stress levels needed to maintain plate boundaries and, at present, that remains debated. Although not conclusive, our simulations do show the plausibility that, with everything else being the same, a change in sublithospheric viscosity structure from thin channel (asthenosphere) to thick region (upper-mantle) can switch the global style of plate tectonics from mobile-lid to episodic and finally to stagnant-lid regimes. This result suggests the possibility that if Earth's asthenosphere was much thicker, then the planet might loose the ability to maintain mobilized plates.
The ability of an asthenosphere to elevate lithosphere stress relates to the widely noted observation that, to allow for a plate tectonic like mode of mantle convection, many numerical studies to date have required yield stress values that are significantly lower than the experimentally estimated strength of the oceanic lithosphere (van Heck & Tackley 2008; Foley & Becker 2009; Kohlstedt et al. 1995) . One resolution is that the strength of the lithosphere is lower than lab values due to, for example, pre-existing weak zones Gurnis et al. (2000) , the role of damage and healing Bercovici et al. (2001) and/or the role of pore fluid pressure. Another avenue worth exploring is that the level of convective stress may be higher than the bulk of numerical simulations have predicted to date. Our study has focused on one stress amplification effect and recently another amplification effect due to continents has been explored Rolf & Tackley (2011) . The combination of these stress amplification effects may not fully reconcile numerical simulations with laboratory determined strength estimates but collectively they do move things in the right direction.
Numerical resolution constraints have limited us to a parameter space with dimensional asthenosphere thicknesses of 220 km or greater. Our results (Figs 6a and b) and theoretical analyses (Busse Lenardic et al. 2006) indicate that an even thinner asthenosphere could lead to even larger stress levels. The predicted trend can be tested once sufficient computing power is available to reach sufficiently high Rayleigh numbers, temperature-dependent viscosity variations and a sufficiently thin asthenosphere. What will be most difficult to test, even with significant increases in computational power, is the end-member limit of a low-viscosity layer so thin that it becomes, in effect, a basal slip layer. Our scaling theory does not provide a lower limit to the channel thickness, as long as the continuum approach remains valid. There are predicted tradeoffs between channel thickness and the viscosity contrast from the channel to the bulk mantle that suggest that a very thin layer can still allow for long wavelength flow, if the viscosity contrast is sufficiently large Busse et al. (2006) ; Lenardic et al. (2006) . As neither gravity nor postglacial rebound data can constrain the viscosity and the thickness of a sublithospheric low viscosity region independently (Thoraval & Richards 1997; Paulson & Richards 2009 ), the possibility of an extremely thin channel, associated with a very low viscosity relative to the bulk mantle, remains viable. The resulting scenario would be that of a concentrated basal slip-layer that is, in effect, akin to narrow plate boundaries between plates themselves (in some sense, the asthenosphere would become the largest plate boundary in areal extent). The technical challenges to model this are far from trivial so it is likely to remain a theory-based speculation for some time.
In terms of Rayleigh number, while we are currently limited to lower Rayleigh numbers than suggested for present day Earth, this may not be crucial for predictions of relative stress changes due to asthenospheric thickness variations. A higher Rayleigh number may affect absolute stress values, but based on our stress scalings we expect the inverse relation in the convective stress with decreasing d/D to hold, and stress amplification with decreasing low-viscosity channel thickness to be robust at higher Rayleigh number values.
Our results suggest that the radial viscosity structure of a planet can have a strong influence on its convective style. A thin lowviscosity channel can potentially elevate convective stresses, which in turn can help to maintain a mobilized surface. The lack of such a thin channel on the other hand might provide an explanation for the lack of mobile-lid plate tectonics. This remains speculative as the trade-offs between the level of stress needed to maintain plate boundaries and convective wavelength effects will come into play. None the less, some support does come from the gravity modelling based conclusion that Venus lacks an asthenosphere (e.g. Kiefer & Hager 1991; Smrekar & Phillips 1991; Nimmo & McKenzie 1996) and also lacks plate tectonics at present. The more traditional explanation between the Earth's and Venus' tectonic state has been tied to the lack of surface water on Venus. We are not arguing that the absence of surface water on Venus could make its lithosphere stronger than Earth's lithosphere. Rather, we are presenting another effect to consider.
CONCLUSION
Scaling relations were developed for plate shear and normal stress within a convecting mantle layer with a low-viscosity channel, an analogue to the asthenosphere.The scalings predict several tradeoffs between the channel to mantle viscosity contrast, the channel thickness, the wavelength of mantle flow and the main factor that determines the thickness of tectonic plates (conductive cooling or a dehydrated chemical lithosphere). Over a broad range of potential trade-offs, the scalings predict that stress levels can increase due to the channelization of horizontal mantle flow in the asthenosphere. Figure 6 . (a) Map of tectonic regimes spanned by yield stress and lowviscosity channel thickness for two series of simulations with different temperature-dependencies on viscosity. Symbols indicate different modes of planetary tectonics (mobile, episodic, stagnant). For both series (i.e. independent of the absolute value of the yield stress and the viscosity variation due to temperature) we find that increasing the asthenosphere thickness can lead to regime transitions out of the mobile-lid regime. (b) Shear stress at the base of the lithosphere, computed from time-averaged azimuthally averaged profiles of viscosity and azimuthal velocity as a function of low-viscosity layer thickness d for mobile-lid cases. Connected with solid lines are cases in which all parameters except d are constant, and shear stresses are normalized to cases without stratified viscosity. Compared to cases without viscosity stratification, simulations with thin low-viscosity layers underneath high-viscosity plates show increased shear stresses at the base of the plate. The predicted trend from the modified boundary layer theory is plotted as a thin dashed line.
The scaling predictions provide a physical explanation for the numerical simulation results of (Richards et al. 2001) which showed that convection simulations with a low-viscosity channel allowed for plate tectonic like mantle convection over a broader range of lithosphere strength values than cases without a low viscosity channel. The theoretical insights highlight that the key to the simulation results is not a basal lubrication effect, due to the low absolute viscosity of the asthenosphere, but, rather, a flow channelization effect, due to a high relative viscosity contrast between the channel and the bulk mantle. The scalings also provided an added prediction that was not tested by previous numerical simulations. Specifically, the prediction that changes in the thickness of the asthenosphere could alter the levels of convective stress. Spherical shell mantle convection simulations supported the conclusions that stress levels could increase for a thinner low-viscosity channel and that an increase in channel thickness could cause a transition from an active lid, plate tectonic like mode of mantle convection to a stagnant lid, single plate planet mode. Collectively, our results suggest that the asthenosphere favours the maintenance of plate tectonics by amplifying convective stress levels, which contribute to maintaining and/or reactivating weak plate boundaries.
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A P P E N D I X : R E S O L U T I O N T E S T S
We performed simulations with 33 vertical finite-element nodes and verified that flow structures were well resolved. To reach statistically steady state, these simulations can require up to 200 hr of computing time on 12 parallel processors. A number of cases required an increased spatial resolution of 65 vertical nodes for appropriate resolution. Those simulations required about the same time, but on 96 parallel processors. We also repeated some well-resolved 33-node cases at the 65-node resolution and found good agreement in output diagnostics (Fig. A1 ). In the future we plan to decrease the low-viscosity layer thickness to below 100 km, which will require another resolution increase, and with that even more computing power. Figure A1 . Resolution test. Shown is time history of surface heat flux for cases S5 (33-node resolution) and S6 (65-node resolution).
